BTand BH make angles [3 and c~, respectively, with the plane of the comb. The frontal plane of the bee (b) coincides with the plane of the comb when the bee is dancing or following a dance. If a bee were using a dip compass referenced to the plane of the comb (there are no other likely references), it would have to detect the direction of Ba~ to account for the disappearance of the Migweisung in the directions of B~. However, the angle [3 is in no way special and therefore does not permit detection based on dip. The angle a is the largest angle that the magnetic field makes with the comb, and By obviously makes the smallest angle (0 °) with the comb. See text for a discussion of receptor mechanisms consistent with these facts and observed behaviors ways make an angle of 0 ° with the comb. There are a multitude of possible compass mechanisms: three candidates for magnetoreceptors are consistent with the above discussion. The first receptor model is a directional compass that samples in at least two planes: the dorsoventral and the frontal planes. A "spherical" compass that sampled in three mutually perpendicular planes or more would suffice and could be an axial compass. The second possibility for a compass mechanism is a polar, frontal, directional compass. Two experimental treatments involving the exposure of bees to reversal of the [2] ) and electrocommunication (reviews, [3] [4] [5] ). As an any battery, the current and voltage that the electric organ generates depend on the resistance of the load [6, 7] . The comparison of marine and freshwater strongly electric fish revealed anatomical and physiological adaptations matching the electric organ to the great difference in impedance between the two environments [6] . Weakly electric fish live in tropical freshwaters of low and seasonally variable conductivity (about 5-150 gS/cm, or a resistivity of 200 to 7 kE2.cm). It is unknown whether weakly electric fish are able to adapt the biophysical properties of their electric organ to this great impedance variation. The inability to do so would greatly affect the EOD (electric organ discharge) waveform, as shown in the mormyrids Pollimyrus isidori and Petrocephalus bovei [8] , and probably re- The second (N) phase is electrically triggered by the first, the P phase (review [6] ). While the voltage of the first, neurally evoked, phase increases linearly (similar to a battery) when water resistance is increased, for the second, electrically evoked, N phase this is true only up to a certain threshold in water resistance, beyond which the N phase decreases in amplitude and increases in duration [7] . At still higher water resistances, though occurring naturally, the second phase is greatly reduced and the EOD waveform severely distorted [7, 8] .
Although mormyrids appear to rely primarily on the sequence of EOD time intervals for intraspecific communication ( [9, 10] ; review, [5] ; see also [11] ), in addition, they might discriminate the often subtle differences in speciesspecific EOD waveform [12, 13] , such as those presented here ( Fig. 1A -k, D "k), and also individual differences that are sometimes present ( [8, 14] ; review in [15] ). Conditioned discrimination of artificially generated, natural EOD waveforms recorded from different individuals was shown in Pollimyrus isidori for the first time [16] .
However, the recognition of conspecifics and mates on the basis of EOD waveform cues seemed difficult, . Superimposed are the EODs of the same fish observed after 70 h of exposure to water of low conductivity, normalized to the same peak-to-peak amplitude [10 ~S/cm; points merging into (lower) baselines due to the high digitization rate].
Note the relatively lower N-phase amplitude in both species in water of low conductivity. B, E) EODs of both species immediately after the transfer of fish from water of high to water of low conductivity, showing an N-phase greatly reduced in amplitude but of longer duration. C, F) Time course of the P/N amplitude ratio before (~') and after transfer of fish from water of high to water of low conductivity. Time zero = immediately after transfer of fish (measurement within 1 min). Different curves for individual fish (n = 7 in C; n = 3 in F). Note that on exposure to water of low conductivity, there is an immediate, steep increase in the P/N ratio in most fish, followed by a slow decline to almost ,,normal" values within 20-80 h. This is evidence for an active impedance matching process in the electric organ if not impossible, when EOD waveforms are severely distorted by any change in water conductivity [8] . We now report on the remarkable ability of the Campylomormyrus electric organ to adapt to a drastically changed water conductivity within 2 days, so that the EOD waveform typical of the species is largely restored. The EODs of both Campylomormyrus species investigated, C. tamandua (n= 7; standard length 9-14 cm) and C. rhynchophorus (n= 3; SL 9-10 cm), which are mainly found in central Africa, are similar in waveform and duration (biphasic pulses of about 140 ~ts duration; in C. tamandua there is an additional pre-potential of weak amplitude; Fig. 1A ~r, D ~r). All fish were caught near Kinshasa (according to the commercial importer). The response of the EOD waveform of both species to a sudden change in water conductivity was studied.
Fish were kept at 250 ± 5 ~tS/cm for at least 2 weeks prior to the experiments at 27 + I°C in 45-1 tanks (12:12 L:D cycle). EODs were recorded in a 120-1 tank, with a single fish centered between a pair of low impedance carbon electrodes 28 cm apart, one in front of its head and the other behind its tail. The output of a wide-band preamplifier (1-100 000 Hz; variable gain 10 × -100 x) was fed directly into an AdD converter with memory and pretrigger circuit (8 bit vertical resolution, 2 MHz sampling rate; 2 000 memory locations); the data samples were stored and analyzed by computer. On transferring these fish to water of very low conductivity (10 + 2 ~S/cm) the N-phase duration of the EOD greatly increased (especially in five out of seven C. tamandua, and two out of the three C. rhynchophorus ), while the P-phase duration was very little affected for all fish (the P-and the N-phase durations were measured from baseline; Fig. 1B, E ; Table 1 ). Most fish showed a dramatically altered EOD waveform: relative to the P-phase, the amplitude of the N-phase was reduced to 43.1 ± SE 10% of its original value in C. tamandua (n = 7), and to 42.7% in C. rhynchophorus (n = 3; mean values). Only three of these fish managed to produce an EOD waveform more or less typical of the species even under conditions of such low conductivity, with N-phase ampliNaturwissenschaften 80 (1993) tudes between 74 and 94 % of the original values. The increase in the N-phase duration was on the average 4.8-fold in C. tamandua (n = 7), and 3.2-fold in C. rhynchophorus (n = 3). The increase in duration greatly outweighed the loss in amplitude: relative to the P-phase, the area of the N-phase increased to an average 155.1 _ SE 6.54 % (n = 7) of its original value in C. tamandua , and 130.5 % in the three C. rhynchophorus (Table 1) . These immediately observed effects were followed by a slow recovery of the N-phase within about 30-48 h, in spite of the very low conductivity of the water (10 ~tS/cm), as measured by the ratio of P/N amplitudes ( Fig. 1 C, F) . Although for a human observer the species-specific EOD waveforms reappeared in all fish, the recovery was incomplete even after 3-7 days (when further change became so slow it could no longer be detected), as the N-phase amplitudes rose to only 82.5 ± SE 3.1% in C. tamandua (n = 7), and to a mean 80.2% in C. rhynchophorus (n = 3), of the original values observed in water of high conductivity ( Fig. 1 A, D ; EODs without ~r). Even after 3 months in water of 10 ~tS/cm, the N amplitude of one C. tamandua, which was used to detect possible long-term effects, had risen to only 86% of the original value. Although greatly shortened, the N-phase durations did not recede to the original values, remaining at 135.5 + SE 7.6 % for C. tamandua (n = 7) and a mean 133.8 % for C. rhynchophorus (n = 3), compared to the original values. The area of the N-phase decreased to a mean 120.6 ± SE 5.8% in C. tamandua (n = 7) and 109.1% in C. rhynchophorus (n = 3), thus also re©Springer-Verlag 1993 maining above the original values (Table 1) . Opposite effects were observed when fish, after adapting to water of low conductivity (10 ± 2 ~t S/cm) for 14 days, were transferred back into water of relatively high conductivity (150 + 5 ~S/cm): as an immediate effect, the N-phase increased in amplitude and decreased in duration. Both effects waned after 2-3 days of exposure to water of high conductivity, but a stable difference from the observations made at 10 ~tS/cm remained. For example, immediately after the transfer of the fish to water of high conductivity the amplitude of the N-phase relative to the P-phase rose, on the average, to 146.9% of the value observed at 10 ~tS/cm (between 136 and 154.8%); this difference decreased to a stable mean of 127.2% after 5 days (119-134%; two C. tarnandua and one C. rhynchophorus studied). Permanent effects of the EOD waveform, graded according to water conductivity, were especially prominent at water conductivities below 70 g S/cm (six C. tamandua and three C. rhynchophorus studied). These results show that the Campylomormyrus electric organ can actively adapt to water with a wide range of conductivities, ensuring a degree of independence from environmental constraints. Although the signal constancy (after adaptation) as shown here is far from perfect, it may be sufficient for the requirements of active electrolocation, electrocommunication, and species recognition. The physiological mechanisms of active impedance matching of the mormyrid electric organ, as shown here, are unknown. They probably include the osmotic stress encountered when the water conductivity suddenly decreases, thus initiating a hormonally mediated, biochemical response chain [17] . This could lead to an increased synthesis of the channel proteins of the electrocyte cell membrane, strengthening the electric organ as a voltage and current source under conditions of low conductivity. An adaptation to water of high conductivity may be quite different from adaptation to water of low conductivity, since increasing a water conductivity that is as low as 10 ~t S/cm can hardly be regarded as stressful. Also, the membrane surface of the electrocytes composing the electric organ could change with water conductivity (as shown for androgenic hormones: [18, 19] ). The alternative hypothesis of impedance matching by the addition or reduction of electrocytes or columns of electrocytes seems highly unlikely, given the rather stable number of electrocytes per column, and the crammed position of the electric organ in the caudal peduncle of the fish [20] . 
